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REMARKS 

Applicant respectfully requests reconsideration. Claims 1-20, 22, 27-32, 43, 45, 46, 50-53, 
57, 63, 70-73, 76-80, 84, 88, 95, and 97 were previously pending in this application. Claims 14, 15, 
45, 46, 50-53, 57, 63, 70-73, 76-80, 84, 88, 95 and 97 were withdrawn. Claims 1-13, 20, 22, 27-32 
and 43 are allowed. Claims 1, 2, 22 and 45 have been amended herein. Claims 1, 2 and 45 have 
been amended to remove the word "molecule." Claim 22 has been amended to recite "more than 
four CpG motifs." Support for this claim amendment can be found in the specification, at least on 
page 4 lines 15-16 and page 12 lines 10-11. New claims 99 and 100 have been added. Support for 
claims 99 and 100 can be found in the specification at least on page 12 lines 5-9. 

Applicant respectfully requests rejoinder of composition claims 14 and 15 and of the 
withdrawn process claims containing the same limitations as the allowed product claims. Applicant 
reserves the right to pursue the subject matter of the claims as previously pending, or as originally 
filed, in one or more continuing applications. No new matter has been added. 

Rejections under 35 U.S.C. $ 1 12, First Paragraph 
A. The Examiner rejected claims 16-19 under 35 U.S.C. § 1 12, first paragraph, as allegedly 
failing to comply with the written description requirement. Specifically, the Examiner asserts that 
the specification does not sufficiently describe the claimed genus of nucleotide backbone 
modifications in an immunostimulatory nucleic acid. Applicant respectfully disagrees. 

The written description requirement is satisfied if the invention is described in "sufficient 
detail that one skilled in the art can reasonably conclude that the inventor had possession of the 
claimed invention." MPEP § 2163; Moba, B.V. v. Diamond Automation, Inc. . 325 F.3d 1306, 
1319, 66 USPQ2d 1429, 1438 (Fed. Cir. 2003); Vas-Cath, Inc. v. Mahurkar, 935 F.2d 1555, 1563, 
39 USPQ2d 1111,1116 (Fed. Cir. 1991). The written description of a genus can be satisfied in a 
number of ways including by "sufficient description of a representative number of species by actual 
reduction to practice, ...disclosure of relevant, identifying characteristics, ...by functional 
characteristics coupled with a known or disclosed correlation between function and structure, or by 
a combination of such identifying characteristics, sufficient to show applicant was in possession of 
the claimed genus." MPEP § 2163. 
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The rejected claims relate to immunostimulatory nucleic acids that comprise the nucleotide 
sequence of SEQ ID NO: 1 and one or more backbone modifications. The specification describes 
numerous species of the claimed genus of backbone modifications and describes distinguishing 
identifying characteristics of such modifications. For example, page 16 lines 1-25 discloses 
backbone modifications such as modified internucleoside bridges and dephospho bridges; page 19 
lines 5-9 discloses specific backbone modifications including phosphorothioate linkages, 
phosphodiester modified nucleic acids, combinations of phosphodiester and phosphorothioate 
nucleic acid, methylphosphonate, methylphosphorothioate, phosphorodithioate, p-ethoxy, and 
combinations thereof; page 20, lines 15-26 provides specific examples of modified internucleoside 
bridges including phosphorothioate, phosphorodithioate, NR'R 2 -phosphoramidate, 
boranophosphate, a-hydroxybenzyl phosphonate, phosphate-(Ci-C 2! )-0-alkyl ester, phosphate-[(C6- 
Ci2)aryl-(Ci-C 2 i)-0-alkyl]ester, (Ci-Cg)alkylphosphonate and/or (C 6 -C ]2 )arylphosphonate bridges, 
(C 7 -C] 2 )-a-hydroxymethyl-aryl, wherein (C 6 -Ci 2 )aryl, (C 6 -C 2 o)aryl and (C6-Ci4)aryl are optionally 
substituted by halogen, alkyl, alkoxy, nitro, cyano, and where R 1 and R 2 are, independently of each 
other, hydrogen, (Ci-Cig)-alkyl, (C 6 -C 2 o)-aryl, (C 6 -Ci 4 )-aryl-(Ci-C 8 )-alkyl, preferably hydrogen, 
(Ci-Cg)-alkyl, preferably (Ci-C 4 )-alkyl and/or methoxyethyl, or R 1 and R 2 form, together with the 
nitrogen atom carrying them, a 5-6-membered heterocyclic ring which can additionally contain a 
further heteroatom from the group O, S and N; page 20 line 27 - page 21 line 2 discloses dephospho 
bridges including specific examples such as formacetal, 3'-thioformacetal, methylhydroxylamine, 
oxime, methylenedimethyl-hydrazo, dimethylenesulfone and/or silyl groups; and page 21 lines 3-9 
discloses chimeric molecules. Thus, in contrast to the Examiner's contention, on page 5 of the 
Office Action, that the specification has not disclosed any species within the genus of backbone 
modifications, the specification discloses multiple species of backbone modifications that can be 
applied to an immunostimulatory nucleic acid sequence comprising SEQ ID NOT . 

Also, rather than containing "widely variant" species, as asserted by the Examiner on page 5 
of the Office Action, the claimed genus contains species that share a common feature which is the 
immunostimulatory sequence of SEQ ID NO: 1 . The disclosure in the specification would lead one 
of ordinary skill in the art to immediately envision the claimed genus of backbone modifications, as 
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applied to sequences comprising SEQ ID NO:l, and to conclude that Applicant was in possession of 
this genus. 

The Examiner appears to be concerned that, although the claimed nucleic acids are 
immunostimulatory, a backbone modification may eliminate their immunostimulatory capacity. For 
this assertion, the Examiner relies on Yu et al. Bioorganic and Medicinal Chemistry (2001), 9:2803- 
2808. The Examiner cites page 2806 of Yu et al. which states "non-ionic phosphate linkages in the 
flanking sequences may enhance, suppress or maintain immunostimulatory activity compared with 
an unmodified CpG oligo." Yu et al. tested the effects of adding methylphosphonate linkages to 
nucleotides flanking a CpG motif in a specific sequence and found that this modification could 
increase or decrease the immunostimulatory capacity of the sequence, depending on where the 
modifications were introduced. (Table 1 , page 2805). However, even the nucleic acids that 
exhibited reduced immunostimulatory capacity in Yu et al., such as sequences 2, 3 and 4 in Table 1, 
were not rendered inert by the backbone modification, but rather showed a dose-dependent 
stimulation of IL- 1 2 that was similar to the other sequences in Table 1 , just at a lower level. In fact, 
Yu et al. states on page 2804, right column, that "[a]ll the oligos showed a concentration-dependent 
lymphocyte proliferation." Thus, a nucleic acid with apparent reduced immunostimulatory capacity 
may attain higher immunostimulatory capacity through administration of a higher dosage. One of 
ordinary skill in the art would appreciate that the optimal dosage to achieve immunostimulatory 
function will vary with different nucleic acid sequences, and can be optimized through routine 
experimentation. 

Applicant submits herewith the reference Krieg et al. Antisense and Nucleic Acid Drug 
Development (1996) 6:133-139. As depicted in Figure 1, the authors tested the immunostimulatory 
capacity of a nucleic acid containing one or more backbone modifications. Significantly, backbone 
modification did not render any of the nucleic acids tested in Krieg et al. inert. Rather, all of the 
immunostimulatory nucleic acids showed a dose-dependent immunostimulatory capacity. (See 
Figs. 1-3). The only sequences that exhibited no dose-dependent increase in immunostimulatory 
activity were the negative controls that lacked CpG dinucleotides. In other words, as dose 
increased, all immunostimulatory nucleic acids, but not the negative control nucleic acids, showed 
immunostimulatory activity, albeit to different levels. One of ordinary skill in the art would be able 
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to optimize dose for a given nucleic acid. Such optimization of dosages can be achieved through 
routine experimentation using assays such as those presented in Krieg et al. and Yu et al. 

Moreover, as one of ordinary skill in the art would appreciate, each distinct nucleic acid has 
a different sequence and the overall effect of a backbone modification on the immunostimulatory 
capacity of the nucleic acid will depend on its sequence. In particular, as the art was aware, the 
presence and context of a CpG motif can affect the degree of immunostimulatory capacity of a 
nucleic acid. As an example, Hartmann et al. J Immunology (2000) 164:1617-1624, page 1621, left 
column, discloses an optimal 8 nucleotide motif (TCGTCGTT) and an optimal 6 nucleotide motif 
(GTCGTT) for stimulation of human B cells. Specifically, the authors disclose that a sequence that 
contains the optimal 8 nucleotide motif on the 5' end and also contains an optimal 6 nucleotide 
motif was more immunostimulatory than a sequence containing a CpG motif that is optimal for 
activating mouse cells (GACGTT). The sequence disclosed in the Yu et al. reference, cited by the 
Examiner, contains only one CpG motif, and this CpG motif is in a sequence context that is optimal 
for activating mouse cells. By contrast, the claimed sequence, SEQ ID NO:l, contains four CpG 
motifs including the 8 nucleotide motif that is optimal for human cells, on the 5' end, and the 6 
nucleotide motif that is also optimal for human cells. Hartmann et al. teaches that nucleic acids 
having such motifs are more immunostimulatory than nucleic acids containing an optimal motif for 
mouse cells, as does the sequence of Yu et al. As a result, the teachings of Yu et al. are not clearly 
transferable to nucleic acids comprising SEQ ID NO:l which, unlike the sequence of Yu et al., 
comprises four CpG dinucleotides, one of which is a reported optimal 8 nucleotide motif for human 
cells and another of which is a reported optimal 6 nucleotide motif for human cells. 

One of skill in the art would appreciate that even if a backbone modification reduced the 
immunostimulatory capacity of a nucleic acid, if the nucleic acid is highly immunostimulatory to 
begin with, the reduction may not be as significant as in a weakly immunostimulatory nucleic acid. 
Moreover, in a nucleic acid that has multiple immunostimulatory motifs, such as multiple CpG 
motifs, a backbone modification may reduce the immunostimulatory capacity of one of the motifs 
without impacting the immunostimulatory activity of the other motifs. 

In view of the foregoing, Applicant maintains that the specification provides sufficient 
detailed distinguishing features of backbone modifications within an immunostimulatory nucleic 
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acid and a sufficient number of species of the genus of backbone modifications, to establish 
possession of the claimed genus. 

Accordingly, withdrawal of this rejection is respectfully requested. 

B. The Examiner rejected claims 16-19 under 35 U.S.C. § 1 12, first paragraph, as allegedly 
failing to comply with the enablement requirement. Specifically, the Examiner contends that it 
would require undue experimentation to practice the claimed invention because the claims are not 
enabled for immunostimulatory nucleic acids comprising SEQ ID NO:l and any backbone 
modification. Applicant respectfully disagrees. 

The enablement requirement is satisfied if one of ordinary skill in the art is able to make and 
use the claimed invention without undue experimentation, based in part on the specification and the 
knowledge in the art at the time of filing. The experimentation required to make and use the 
claimed invention may be complex, and still not undue, if the art routinely engages in that level of 
experimentation. Factors to be considered in determining whether undue experimentation is 
required include the nature of the invention, the breadth of the claims, the level of ordinary skill in 
the art, the state of the art, the level of predictability in the art, the amount of direction provided by 
the inventor(s), the existence of working examples, and the quantity of experimentation needed to 
make or use the invention based on the content of the disclosure. In re Wands , 858 F.2d 73 1 ; 8 
USPQ 2d 1400 (Fed. Cir. 1988). These factors are to be considered in their totality with no one 
factor being dispositive. The analysis of these factors, presented below, illustrates that the 
experimentation required to practice the invention is not undue. 

Nature of the invention: The invention relates to immunostimulatory nucleic acids that 
comprise at a minimum a defined core 24 nucleotide sequence (i.e., SEQ ID NOT). 

Breadth of the claims: The rejected claims relate to compositions of nucleic acids 
comprising the defined core nucleotide sequence (i.e., SEQ ID NOT) and at least one backbone 
modification such as a phosphorothioate modification. In some embodiments, the nucleic acids can 
be chimeric and in some embodiments they can be entirely modified. 
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Level of ordinary skill in the art: The person of ordinary skill in the art would be familiar 
with synthesis and optimization of immunostimulatory nucleic acids including the incorporation of 
backbone modifications, as shown by the cited art. 

State of the art and predictability in the art: The Examiner states on page 8 of the Office 
Action that "the state of the art demonstrates that the effect of a given backbone modification on a 
given nucleic acid is unpredictable." The Examiner cites Yu et al. Bioorganic and Medicinal 
Chemistry (2001), 9:2803-2808, which states on page 2806 that "non-ionic phosphate linkages in 
the flanking sequences may enhance, suppress or maintain immunostimulatory activity compared 
with an unmodified CpG oligo." As discussed above, Yu et al. tested the effects of adding 
methylphosphonate linkages to nucleotides flanking a CpG motif in a specific sequence and found 
that this modification could increase or decrease the immunostimulatory capacity of the sequence, 
depending on where the modifications were introduced. (Table 1, page 2805). However, even the 
nucleic acids that exhibited reduced immunostimulatory capacity in Yu et al., such as sequences 2, 3 
and 4 in Table 1 , were not rendered inert by the backbone modification, but rather showed a dose- 
dependent stimulation of IL-12, that was similar to the other sequences in Table 1, just at a lower 
level. In fact, Yu et al. states on page 2804, right column, that "[a]ll the oligos showed a 
concentration-dependent lymphocyte proliferation." Thus, this reference reveals a predictable trend 
of dose-dependent immunostimulatory capacity of nucleic acids. Based on this reference, one of 
ordinary skill in the art would have predicted that a backbone modification would not render inert 
an immunostimulatory nucleic acid. One of ordinary skill in the art would have predicted that a 
reduction in immunostimulatory capacity, due to such modification, could be alleviated through 
administration of a higher dose of the nucleic acid. 

Similarly, Krieg et al. did not find backbone modifications that rendered any of the nucleic 
acids tested inert. Rather, all of the immunostimulatory nucleic acids showed a dose-dependent 
immunostimulatory capacity, regardless of their backbone modifications. (See Figs. 1-3). The only 
nucleic acids which did not exhibit such dose-dependent increase in immunostimulatory capacity 
were the negative control nucleic acids that lacked CpG dinucleotides. Accordingly, the dose- 
dependent increase in activity was particular for the immunostimulatory nucleic acids and not 
merely attributable to a background effect. Thus, the state of the art was aware that backbone 
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modifications could affect the degree of immunostimulatory activity, but that such effects could be 
overcome by changes in dosage. 

Moreover, also discussed above, the art was aware that the effect of a backbone modification 
on a given sequence would depend on the sequence. For example, the art was aware that the 
presence and context of a CpG motif can affect the degree of immunostimulatory capacity of a 
nucleic acid. Hartmann et al., submitted herewith, discloses on page 1621, left column an optimal 8 
nucleotide motif (TCGTCGTT) and an optimal 6 nucleotide motif (GTCGTT) for stimulation of 
human B cells. Specifically, the authors disclose that a sequence that contains the human optimal 8 
nucleotide motif on the 5' end and also contains an optimal 6 nucleotide motif was more 
immunostimulatory than a sequence containing a CpG motif that is optimal for activating mouse 
cells (GACGTT). The sequence disclosed in the Yu et al. reference, cited by the Examiner, 
contains only one CpG motif, and this CpG motif is in a sequence context that is optimal for 
activating mouse cells. By contrast, the claimed sequence, SEQ ID NO:l, contains four CpG motifs 
including the 8 nucleotide motif that is optimal for human cells, on the 5' end, and the 6 nucleotide 
motif that is also optimal for human cells. One of skill in the art would appreciate that even if a 
backbone modification reduced the immunostimulatory capacity of a nucleic acid, if the nucleic 
acid is highly immunostimulatory to begin with, the reduction may not be as significant as in a 
weakly immunostimulatory nucleic acid. Moreover, in a nucleic acid that has multiple 
immunostimulatory motifs, such as multiple CpG motifs, a backbone modification may reduce the 
immunostimulatory capacity of one of the motifs without impacting the immunostimulatory activity 
of the other motifs. 

The specification also provides multiple other references that indicate the state of the art 
regarding backbone modifications in an immunostimulatory nucleic acid as of the filing date of the 
instant application. For example, page 19 lines 9-14 of the specification incorporate by reference 
disclosure related to specific backbone modifications and their effects on immune stimulation from 
US Patent 6,194,388 issued on February 27, 2001, and US Patent 6,239,1 16, issued on May 29, 
2001 . Also, page 23 lines 13-20 of the specification provides multiple patent and literature 
references with publication and/or issue dates prior to the filing date of the instant application, 
which describe methods for synthesizing nucleic acids with modified backbones. Thus, the state of 
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the art was aware, not only of backbone modifications to influence the immunostimulatory capacity 
of a nucleic acid, but also of methods of synthesizing and optimizing nucleic acids containing 
backbone modifications. 

Amount of direction provided by the inventor (s): The Examiner asserts on page 7 of the 
Office Action that the specification lacks "adequate description of the claimed genus of nucleotide 
backbone modifications" and does not demonstrate "which nucleotide backbone modifications in an 
immunostimulatory nucleic acid possess the abilities of the claimed immunostimulatory nucleic acid 
ofSEQ ID NO:l." 

The specification teaches how to make and use the claimed invention. As discussed above 
in response to the written description rejection, the specification provides numerous specific 
examples of backbone modifications and describes identifying features of such modifications. 
Furthermore, the nucleotide sequence of SEQ ID NO: 1 is provided and demonstrated to be 
immunostimulatory. The art was familiar with how to make nucleic acids comprising a defined 
sequence, and having a naturally occurring or modified backbone. In addition, the specification 
teaches de novo synthesis and/or modification of nucleic acids using any number of procedures. 
(See pages 16-23.) Moreover, the Examples section provides multiple examples of assays that can 
be used to test the immunostimulatory capacity of nucleic acids. Thus, sufficient guidance is 
provided in the specification to allow one of ordinary skill in the art to synthesize 
immunostimulatory nucleic acids that comprise SEQ ID NO.T and one or more backbone 
modifications. Any optimization of such backbone modifications, or dosage requirements for 
nucleic acids containing such backbone modifications, would involve only routine experimentation. 

Quantity of experimentation needed to practice the invention: The Examiner states on page 8 
of the Office Action that "the effect of a given backbone modification on a given nucleic acid . . . 
can only be determined empirically." Thus, the Examiner contends that undue experimentation 
would be required to practice the claimed invention. 

To satisfy the enablement requirement, the experimentation required to make and use the 
claimed invention may be complex, and still not undue, if the art routinely engages in that level of 
experimentation. MPEP § 2164.01 . At the time of filing of the instant application, it would have 
been considered routine experimentation to synthesize a series of nucleic acids comprising the 
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sequence of SEQ ID NO:l and comprising a variety of backbone modifications and to measure the 
immunostimulatory capacity of such molecules. As well, it would have been considered routine 
experimentation to optimize the dosage of specific nucleic acids. That such methods were routine 
in the art, as of the filing date of the instant application, is demonstrated by the references cited and 
incorporated by reference in the instant application which, as discussed above, disclose methods for 
generating backbone modifications and assays for testing the immunostimulatory capacity and 
relative activities of nucleic acids. Moreover, the specification discloses methods for synthesizing 
nucleic acids and introducing backbone modifications, for example on pages 16-23, and provides 
examples which demonstrate assays for testing the immunostimulatory capacity and relative 
activities of nucleic acids. 

In view of the teaching of the instant specification and the state of the art as of the filing 
date, Applicant submits that the rejected claims can be practiced without undue experimentation. 
Accordingly, withdrawal of this rejection is respectfully requested. 
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CONCLUSION 



A Notice of Allowance is respectfully requested. The Examiner is requested to call the 
undersigned at the telephone number listed below if this communication does not place the case in 
condition for allowance. 

If this response is not considered timely filed and if a request for an extension of time is 
otherwise absent, Applicant hereby requests any necessary extension of time. If there is a fee 
occasioned by this response, including an extension fee, the Director is hereby authorized to charge 
any deficiency or credit any overpayment in the fees filed, asserted to be filed or which should have 
been filed herewith to our Deposit Account No. 23/2825, under Docket No. C1037.70044US00 
from which the undersigned is authorized to draw. 

Dated: September 28, 2009 Respectfully submitted^ 




Maria A. Trevisan 

Registration No.: 48,207 

WOLF, GREENFIELD & SACKS, P.C. 

Federal Reserve Plaza 

600 Atlantic Avenue 

Boston, Massachusetts 02210-2206 

617.646.8000 
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Brief Communication 

Oligodeoxynucleotide Modifications Determine the Magnitude 
of B Cell Stimulation by CpG Motifs 

ARTHUR M. KRIEG, 1 - 2 SARA MATSON,' and ERIC FISHER 3 



We have recently reported that oligodeoxynucleotides (ODN) that contain a CpG dinucleotide flanked by two 
purines on the S'-side and two pyrimidines on the 3'-side induce potent B cell proliferation and differentiation. 
The present study investigates the role of the ODN backbone in determining the magnitude of the lymphocyte 
stimulation. Phosphorothioate ODN were approximately 2 logs more potent than the same sequence with a 
phosphodiester backbone. Chimeric ODN in which the 5'- and 3'-ends were modified with'nuclease-resistant 
mternucleotide linkages induced widely varying degrees of immune activation depending on the n 



Phosphorodithioate linkages were by far the most potent and induced B cell activation at n™„„ 1UM1 . „ utcll . 
trations, approximately 1 log lower than required for the next most potent modification, phosphorothioate. 
Methylphosphorothioate terminal linkages were slightly more potent than phosphodiester, which were in turn 
slightly more potent than terminal methylphosphonate-modified ODN. 



INTRODUCTION 

Antisense ouGODEoxYNUCLEOTtDES (ODN) have become 
widely used experimental tools and are entering human 
clinical trials. Because of the rapid degradation of phosphodi- 
ester (O) DNA by nucleases in vitro and in vivo, there has been 
extensive interest in using various modified ODN backbones 
that have improved pharmacokinetic properties. In recent yean, 
it has become increasingly clear that ODN can have a variety of 
biologic effects other man those that result from the Watson- 
Crick base pairing to complementary raRNA or triplex binding 
to double-stranded DNA (reviewed in Stein and Cheng, 1993- 
Milligan et aL, 1993; Stein and Krieg, 1994, *1995)! 
Unfortunately, some of the most widely used ODN backbone 
modifications, such as phosphorothioate (S), have an 



(reviewed in Stein and Krieg, 1996). Several investigators have 
reported that it is possible to reduce or eliminate these non-ami- 
sense effects, yet retain nuclease resistance, by using chimeric 
ODN in which one or more bases at the 3'-end i 
provide protection against se 



bases at the 5 '-end are modified to also provide a degree of pro- 
tection against cellular exonucleases and endonucleases (Stein 
et aL, 1988; Hoke et aL, 1991; Gao et aL, 1992; Morvan et aL, 
1993; Brown et aL, 1994). S-ODN have markedly increased 
cellular uptake compared with O-ODN. and end-capped ODN 
have intermediate uptake (Zhao et aL, 1993). 

It is important to understand these non-antisense effects in 
order to avoid them in antisense ODN and also to exploit then- 
possible therapeutic utility. We recently reported that phospho- 
diester (O) and phosphorothioate (S) ODN, which contain ua- 
methylated CpG dinucleotides, can cause B cell proliferation 
and differentiation in vitro and in vivo (Krieg et al„ 1995). 
There was no detectable direct effect on T cells (Krieg et al, 
1995). For optimal immune stimulation, the CpG dinucleotides 
must be in a particular sequence context, preferably flanked by 
two 5' purines and two 3' pyrimidines. In those studies, we ob- 
served that S-ODN were approximately 200 times more potent 
than O-ODN with the same sequence. 

The present study was performed to determine whether CpG 
ODN in which just the terminal bases were S-modified would 
also cause increased immune activation siu 
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optimal number of S modifications. In addition, we have inves- 
tigated the role of several other ODN backbone modifications, 
including phosphorodithioate (Sj) (Marshall and Caruthers, 
1993), methylphosphonate (MP), and methylphosphorothioate 
(MPS), in modulating the level of immune stimulation by CpG 
ODN. 



MATERIALS AND METHODS 

Oligodeoxynucleotides 

ODN were synthesized on a Applied Biosystems Inc. (Foster 
City, CA) model 380A, 380B, or 394 DNA synthesizer using 
standard procedures (Beacage and. Caruthers, 1981). 
Phosphodiester ODN were synthesized using standard beta- 
cyanoethyl phosphoramidite chemistry. Phosphorothioate link- 
ages were introduced by oxidizing the phosphite linkage with 
elemental sulfur instead of the standard iodine oxidation. The 
four common nucleoside phosphoramidites were purchased 
from Applied Biosystems. All phosphodiester and thioate con- 
taining ODN were deprotected by treatment with concentrated 
ammonia at 55°C for 12 hours. The ODN were purified by gel 
exclusion chromatography and lyophilized to dryness prior to 
use. Phosphorodithioate linkages were introduced by using de- 
oxynucleoside S-(/^benzoylmercaptoethyi) pyrrolidine thio- 
phosphoramidites (Wiesler et al., 1993). Dithioate containing 
ODN were deprotected by treatment with concentrated ammo- 
nia at 55°C for 12 hours, followed by reverse phase HPLC pu- 

ormethylphosphonates as well as phosphodiesters at any desired 
intemudeotide linkage, two different synthetic cycles were used 
The major synthetic differences in the two cycles are the cou- 
pling reagent where dialkylaminomethylnucleoside phosphines 
are used and the oxidation reagents in the case of methylphos- 
phorothioates. To synthesize either derivative, the condensation 
time has been increased for the dialkylaminomethylnucleoside 
phosphines because of the slower kinetics of coupling (Jager and 
Engels, 1984). After the coupling step has been completed, the 
methylphosphinodiester is treated with the sulfurizing reagent 
(5% elemental sulfur, 100 millimolar N^-diamethylarainopyri- 
dine in carbon dbumde/pyridine/triethylamine) four consecutive 
times for 450 seconds each to produce methylphosphorothioates. 
To produce methylphosphonate linkages, the raethylphospho- 
nodiester is treated with standard oxidizing reagent (0.1 M iodine 
in tetrahydrofuran/^6-lutidine/water). 

The silica gel-bound oligomer was treated with distilled pyri- 
dine/concentrated ammonia, 1:1 (v/v), for 4 days at 4°C. The 
supernatant was dried in vacuo, dissolved in water, and chro- 
matographed on a G50/50 Sephadex column. 

In the present report, Q-ODN refers to ODN that are phos- 
phodiester, S-ODN are completely phosphorothioate modified, 
S-O-ODN are chimeric ODN in which the central linkages are 
phosphodiester but the two 5' and five 3' linkages are phospho- 
rothioate modified; S 2 -0-ODN are cnirrteric ODN in which fhe 
central linkages are phosphodiester but the two 5' and five 3' 
linkages are phosphorodithioate modified, and MP-O-ODN are 
ttihneric ODN in which the central linkages are phosphodiester 
trat The two 5' andfive 3' linkages are methylphosphonate mod- 



ified. The ODN sequences studied (with CpG dinucleotides in- 
dicated by underlining) include 3D (5' GAGAACGCTGGAC- 
CTTCCAT), 3M (5' TCCATGT£GjOTCCTGATGCT), 4 (5' 
GG£fi7TATTCCTGACT£2CQ, and 6 (5' CCTACJ2TTG- 
TATGCGCCCAGCT). These sequences are representative of 
literally dozens of CpG and non-CpG ODN that have been 
tested in the course of these studies. 

Mice 

DBA/2 or BXSB mice obtained from The Jackson 
Laboratory (Bar Harbor, ME) and maintained under specific 
pathogen-free conditions were used as a source of lymphocytes 
at 5-10 weeks of age. with essentially identical results. 

Cell proliferation assay 

For cell proliferation assays, mouse spleen cells (5 X lOVlOO 
/d/well) were cultured at 37°C in a 5% COj, humidified incuba- 
tor in RPMI-1640 supplemented with 10% (v/v) heat-inacti- 
vated fetal calf serum (heated to 65°C for experiments with O- 
ODN or 56°C for experiments using only modified ODN), 1 .5 
/iM L-glutamine, 50 jiM 2-mercaptoethanol, 100 U/rnl peni- 
cillin and 100 Mg/ral streptomycin for 24 hours or 48 hours as 
indicated. [ 3 H]uridine or thymidine (1 ftCi) (as indicated) was 
added to each well, and the cells were harvested after an addi- 
tional 4 hours of culture. Filters were counted by scintillation 
counting. Standard deviations of the triplicate wells were <5%. 



RESULTS 

Dependence ofB cell activation by CpG ODN 
on the number of 5 ' and 3 'phosphorothioate 
internucleotide linkages 

In a prior study, we reported that CpG ODN that were S 
modified were approximately 200 times more potent at activat- 
ing B cells than the same unmodified CpG ODN sequence 
(Krieg et aL, ,1995). To determine whether partial S modifica- 
tion of the ODN backbone would be sufficient to enhance B cell 
activation, we tested the effects of a series of ODN with the 
same sequence but with differing numbers of S internucleotide 
linkages at the 5' and 3 '-ends. Based on previous studies of nu- 
clease degradation of ODN, we had determined that at least two 
phosphorothioate linkages at the 5'-end of ODN and at least 
four linkages at the 3 '-end were required to provide optimal 
protection of the ODN from degradation by intracellular exonu- 
cleases and endonucleases (data not shown). We, therefore, ex- 
amined only chimeric ODN containing two 5' phosphoroth- 
-ioate-msdificd linkages and a variable number of 3'-modified 
linkages. 

The lymphocyte-stimulating effects of these ODN was tested 
at three concentrations (3.3, 10, and 30 pM) by measuring the 
total levels of RNA synthesis (by [^uridine incorporation) or 
DNA synthesis (by [ 3 H] thymidine incorporation) in treated 
spleen cell cultures. The results of two such experiments are 
shown in Figure 1 as the stimulatory indexes of uridine or 
thymidine incorporation in spleen cell cultures treated with 
ODN at the indicated concentrations, compared with cultures 
without added ODN. 
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FIG. 1. Dependence of CpG-mediated lymphocyte activation on the number of S-modified linkages. All ODN have the same sequence of ODN 
3D (GAGAACQCTGGACCTTCCAT; the CpG which is the core of the immune stimulatory motif is underlined). ODN contained the indicated 
numbers of phosphorothioate-modified linkages at the 5'- and S'-ends. as indicated by the numbers to the left and right of the slash, respectively. 
For exaple. 2/1 denotes an ODN in which the two 5' and one 3' intemucleotide linkages are S-modified. whereas 19 refers to an ODN in which all 
the intemucleotide linkages am phosphorothioate modified. Control ODN without CpG motifs were uniformly nonstimulatory, regardless of their 
backbone, with the exception that low levels of nonspecific stimulation were seen with nearly alt 5- or S 3 -modified ODN inihe 48 hour [^thymi- 
dine assay (not shown). Cell proliferation assays were performed as described in Materials and Methods, and wells were pulsed with [ 3 H]uridine at 
20 hours (A) -or fiflmymidme at 44 hours (B). Data are presented as stimulation index of cpm in wells treated with the indicated ODN compared 
wiauxmsol wells ^sataiaiag ao .added ODN. Typical^ in «ontsol«dk were 1200 &r {'NJaridHse feesspotwien and MOO fcr pHjthymidins. 
Standard deviations between the triplicate wells were <5%. 
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0.2 0.4 0.6 0.8 1 1.2 1.4 
ODN concentration (uM) 

FIG. 3. S-ODN with good matches to the mitogenic CpG motif are more potent than the corresponding S-O-ODN al low a 
Backbone modifications are as in Figure 2; the ODN sequences are indicated by line style [heavy solid line, sequence 4; light dashed line, sequence 
• •• • -<--«- "lswere<5%. 



O ODN (0/0 phosphorotbioate modifications) bearing a CpG 
motif caused no spleen cell stimulation unless added to the cul- 
tures at concentrations of at least 10 /*M (Fig. 1). However, 
when this sequence was modified with two S linkages at the 5'- 
end and at least three S linkages at the 3'-end, significant stim- 
ulation was seen at a dose of 3 J pM. At this low dose, the level 
of stimulation showed a progressive increase as the number of 



six, at which point the stimulation index began to decline (Fig. 
1). In general, the optimal number of 3' S linkages for spleen 
cell stimulation was five. At all three concentrations tested in 
these experiments, the S-ODN was less stimulatory than the op- 



Dependence of CpG-mediated lymphocyte activation 
on the type of backbone modification 



dODNa 
a O-ODN. Thus, the fa 
caused by S-ODN and S-O-ODN compared with O-ODN may 
result from the nuclease resistance of the former. To determine 
the role of ODN nuclease resistance in immune stimulation by 
CpG ODN, we tested the stimulatory effects of chimeric ODN 
in which the 5- md 3 '-ends were rendered nuclease resistant 
with either MP-, MPS, S-, or S r mtemucleotide linkages. These 
studies showed that despite their nuclease resistance, MP-O- 
ODN were actually less immune stimulatory than O-ODN (Fig. 
2A). However, combsaiag ih§ MP .and .S .modifications by re- 



placing both nonbridging O molecules with 5' and 3' MPS in- 
temucleotide linkages restored immune stimulation to a slightly 
higher level than that triggered by O-ODN (Fig. 2A). 

As shown in Figure 1, S-O-ODN were far more stimulatory 
than O-ODN and were even more stimulatory than S-ODN. at 
; least at concentrations above 3.3 pM (Fig. 2B). At concentra- 
tions.below 3 pM, we noted that the S-ODN with the 3M se- 
quence was more potent man the corresponding S-O-ODN, 
whereas the S-ODN with the 3D sequence was less potent than 
the corresponding S-O-ODN. In comparing the stimulatory 
CpG motifs of these two sequences, we noted that the 3D se- 
quence is a perfect match for the stimulatory motif, in that the 
CpG is flanked by two 5' purines and two 3' pyrimidines. 
However, the bases'immediately flanking the CpG in ODN 3D 
are not optimal; they have a 5' pyrimidine and a 3' purine. This 
suggested to us the possibility that the sequence requirement for 
immune stimulation may be more stringent for S-ODN than for 
S-O-ODN or O-ODN. Indeed, we have found this to be the 
case. S-ODN with poor matches to the optimal CpG motif 
cause little or no lymphocyte activation. However, S-ODN with 
good matches to the motifi most critically at the positions im- 
mediately flanking the CpG, are more potent than the corre- 
sponding S-O-ODN (Fig. 3, and other ODN not shown), even 
though at higher amcennations (greater than 3 pM), the peak 
effect from the S-O-ODN is greater. 

S r O-ODN were remarkably stimulatory and caused substan- 
tially greater lymphocytcactivation than the corresponding S- 
ODN or S-O-ODN at every tested concentration (Ftg. 2B). 
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n by CpG ODN. Indeed, cho- 
which have ii 



modulating lymphocyte a 
lesterol-conjugated CpG 

The present study demonstrates a critical role for the chemical localization, showed enhanced lymphocyte activation corn- 
backbone of an ODN bearing a CpG motif in deterrnining the pared with O-ODN (Krieg et aL, 1993). Further studies will be 
degree of immune stimulation that will result S-ODN are gener- required to resolve this important mechanistic issue, 
ally more potent at activating B ceil proliferation than an O- For some therapeutic applications of ODN, such as anhsense, 
ODNwimmesamesequenceandagoalniatchtothemitogenic immune stimulation may be an undesired side effect to be 
CpG motif. However, complete S-modification of the ODN avoided. For such applications, it may be advantageous to use 
backbone is not necessary unless the experimental ODN concert- backbone modifications that do not promote lymphocyte acti- 
tration is below 1 11M. In fact, in agreement with the results of vation by CpG motifs or to avoid these motifs either by picking 
some other investigators (reviewed in Stein and Krieg, 1995). sequences that lack them or by replacing the eytosines with 5- 
we found that complete S-modification of the ODN backbone methylcytosine, which also eliminates lymphocyte activation 
appears to cause some degree of toxicity at concentrations > 10 (Krieg et aL, 1995). 

uMand actually reduces the maximal level of stimulation that However, immune stimulation by modified CpG ODN may 

can be achieved, compared with ODN in which the backbone is be desirable for use in vaccine adjuvants, or forboostmg immu- 

only modified at the 5'- and 3'-ends. Among the ODN tested, S niry against certain infectious diseases (Krieg, 1996). These re- 

mochTication of the first two 5' .intemucleotide linkages and the suits may also be relevant to the development of omertherapeu- 
last five 3' intemucleotide linkages gave the highest peak stimu- 
lation. Even greater stimulation was observed with ODN in 
which these terminal linkages were Sj-modified rather than S- 
modified. We have not yet examined whether ODN in which the 
entire backbone is Sy 



tic uses of DNA that contams CpG motifs, such as human gene 
therapy and DNA immunization. Although additional in vivo 
studies need to be performed, the present results indicate the 
possible utility of various phosphorothioate and chimeric phos- 
phorothioate and phosphorodithioate compounds for irnmune- 
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Delineation of a CpG Phosphorothioate Oligodeoxynucleotide 
for Activating Primate Immune Responses In Vitro and 
In Vivo 1 



Gunther Hartmann,* 1 ^ Risini D. Weeratna,* Zuhair K. Ballas,* § Paul Payette,* Sue Blackwell,* 
Irma Suparto, 11 Wendy L. Rasmussen, § Marianella Waldschmidt, Dondin Sajuthi, 11 
Robert H. Purcell," Heather L. Davis,*** and Arthur M. Krieg 2 * 8 ** 

Oligodeoxynucleotides (ODN) containing unmethylated CpG dinucleotides within specific sequence contexts (CpG motifs) are 
detected, like bacterial or viral DNA, as a danger signal by the vertebrate immune system. CpG ODN synthesized with a nuclease- 
resistant phosphorothioate backbone have been shown to be potent Thl-directed adjuvants in mice, but these motifs have been 
relatively inactive on primate leukocytes in vitro. Moreover, in vitro assays that predict in vivo adjuvant activity for primates have 
not been reported. In the present study we tested a panel of CpG ODN for their in vitro and in vivo immune effects in mice and 
identified in vitro activation of B and NK cells as excellent predictors of in vivo adjuvant activity. Therefore, we tested >250 
phosphorothioate ODN for their capacity to stimulate proliferation and CD86 expression of human B cells and to induce lytic 
activity and CD69 expression of human NK cells. These studies revealed that the sequence, number, and spacing of individual CpG 
motifs contribute to the immunostimulatory activity of a CpG phosphorothioate ODN. An ODN with a TpC dinucleotide at the 
5' end followed by three 6 mer CpG motifs (5'-GTCGTT-3') separated by TpT dinucleotides consistently showed the highest 
activity for human, chimpan/.ce, and rhesus monkey leukoc\ tcs. Chimpanzees or monkeys vaccinated once against hepatitis B with 
this CpG ODN adjuvant developed 15 times higher anti-hepatitis B Ab titers than those receiving vaccine alone. In conclusion, we 
report an optimal human CpG motif for phosphorothioate ODN that is a candidate human vaccine adjuvant. The Journal of 
Immunology, 2000, 164: 1617-1624. 



Bacterial DNA, but not vertebrate DNA, has rapid immu- 
nostimulatory effects on leukocytes in vitro (1, 2). CpG 
dinucleotides are under-represented (CpG suppression, 
1/50 to 1/60) and selectively methylated in vertebrate DNA, but 
are present at the expected frequency (1/16 bases) and unmethyl- 
ated in bacterial DNA (3, 4). Teleologically, il appears likely that 
the recognition of unmethylated CpG dinucleotides within specific 
flanking bases (referred to as CpG motifs) may have evolved as an 
ancestral nonself pattern recognition mechanism used by the innate 
immune system to detect DNA of pathogens, such as bacteria and 
viruses (5). In mice the optimal CpG motif is an unmethylated 
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CpG dinucleotide that is flanked by two 5' purines and two 3' 
pyrimidines, the best of which is 5'-GACGTT-3' (6, 7). DNA 
containing these CpG motifs activates murine macrophages to se- 
crete cytokines, especially IL-12. TNF-rv. and IFN-rvjtJ (8-13), and 
stimulates murine dendritic cells (14. 15) and murine B cells (16- 
18). Acting in synergy with llie CpG DNA (which does not directly 
stimulate highly purified NK cells), the IL-12 secondarily activates 
murine NK cells to secrete IFN-y (10. 13) and to have increased 
lytic activity (9). Overall. CpG DNA induces a predominantly Th I 
pattern of immune activation. 

Synthetic oligodeoxynucleotides (ODN) 3 containing the optimal 
murine CpG motif (5'-GACGTT-3') are known to be excellent 
immune adjuvants in various murine disease models and to drive 
Thl immune responses (19-25). They are comparable or superior 
to ( FA (but without apparent toxicity) and are superior lo the 
standard human adjuvant alum with respect lo llie induction of 
Ag-specific humoral and cell-mediated immune responses (19-22, 
25). Murine CpG ODN induce potent anti- tumor immune activity 
(26) and induce resistance to lethal challenge with L. monocyto- 
genes (27). Our studies also support the use of CpG DNA for the 
conversion of allergic Th2-type immune responses into nonallergic 
Thl responses (28). 

Recently, we found that phosphorothioate ODN with the purine- 
purine-CG-pyrimidine-pyrimidine formula that had been identified 
as the most stimulatory motif in mice show no or only weak ac- 
tivity in human immune cells (29). We identified a potent human 
CpG motif, 5'-GTCGTT-3', by testing phosphodiester ODN for 
the ability to stimulate human primary B cells (2 1 -)) and found that 



' Abbreviations used in this paper: ODN. oligodeoxynucleotides: IIHsAg. hepatitis H 
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a phosphodiester ODN with a single copy of the optimal human 
CpG motif triggers ~60% of human peripheral blood B cells to 
proliferate and express high levels of CD86. We also demonstrated 
that this ODN, of sequence 2080, promotes growth, activation, and 
maturation of human peripheral blood dendritic cells (30). 

To have in vivo clinical utility, ODN must he administered in a 
form that protects them against nuclease degradation. The native 
phosphodiester internucleotide linkage can he modified to become 
highly nuclease resistant via replacement of one of the nonbridging 
oxygen atoms with a sulfur, which constitutes phosphorotliioate 
ODN. However, a phosphorotliioate backbone reduces the affinity 
of the CpG ODN to a putative CpG binding protein(s) (B. Noll, W. 
Shen, C. Schetter, M. Wold, and A. M. Krieg, manuscript in prep- 
aration). Of note, an ODN containing a single optimal human CpG 
motif followed by a poly C tail, which is highly active with a 
phosphodiester backbone, is essentially inactive with a phospho- 
rothioate backbone. In contrast, murine leukocytes are strongly 
activated by phosphorotliioate ODN containing just one optimal 
murine motif. This argues for differences in the precise mechanism 
of CpG recognition between human and murine immune cells. 

The goal of the present study was to identify the sequence of a 
human CpG phosphorotliioate ODN that would have optimal ad- 
juvant activity in vivo. Because we saw not only quantitative but 
also qualitative differences in the activities of different CpG ODN 
in mice, we first screened a panel of CpG and non-CpG control 
ODN on mouse cells to find in vitro assays with reliable and strong 
correlation to in vivo adjuvant activity with hepatitis B surface Ag 
(HBsAg). We then systematically tested a panel of >250 phos- 
phorotliioate ODN in corresponding human assays to identify se- 
quences with in vitro immunoslimulalorv activity. We next exam- 
ined whether the ODN with the highest activity in these human 
assays also activate B cell proliferation in chimpanzees and mon- 
keys, and finally, whether they are acli\e as adjuv ants with 1 1 Bs Ay 
in chimpanzees and cynomolgus monkeys in vivo. 

Materials and Methods 

Oligodeoxynucleotides 

Phosphorothioate-raodified ODN were purchased from Operon Technolo- 
gies (Alameda. (A ) and llyhridon Specials Products I Mil ford. MA). The 
sequences used are provided in Table I and Fig. 1. ODN were tested for 
endotoxin using die LAL-assay (BioW luuaker. Walkersv ille. Ml): lower 
detection limit. 0. 1 endotoxin units ml). For in vitro assays. OI)\ were 
diluted in TE buffer (10 mM Tris, pH 7.0, and 1 mM EDTA) and stored at 
-20°C. For in vivo use, ODN were diluted in PBS (0.1 M PBS, pH 7.3) 
and stored at 4°C. All dilutions were conducted using pyrogen-free 
reagents. 

Mouse spleen cell cultures 

Spleens were removed from 6- to 12-wk-old female BALB/c mice (The 
Jackson Laboratory, Bar Harbor, ME). 2 X 10'' splenocvtes were cultured 
with 0.2 ,u.M ODN for 4 h (TNF-a) or 24 h (IL-6, IFN-7, IL-12), and 
cytokines were detected by ELISA as previously described (16). To eval- 
uate CpG-induced 15 cell proliferation, spleen cells were depleted of T cells 
with anti-Thy-1.2 and complement and cenlri Ligation over Lympbolyte M 
(Cedarlane Laboratories. Hornby. Canada), cultured for 44 li with the in- 
dicated ODN, and then pulsed for 4 h with I /aCi of [ 5 H]thymidme as 
described previously (5). To examine NK cell lytic activity, murine spleen 
cells were depleted of B cells using magnetic beads coated with goat anti- 
mouse Ig as previously detailed (31). Cells were cultured at 5 X 10 6 /well 
in 24-vvcll plates and harv ested at I S h for use as effector cells 111 a standard 
4-h "CT release assay against YAC-1 target cells. One unit was defined as 
the number of cells needed to effect 30% specific lysis. ODN 1758 was also 
induced NK activity when tested at a higher concentration. 

immunization of mice against HBsAg ami evaluation of the 
humoral response 

Groups of 6- to 8-wk-old female BALB/c mice (n = 5 or 10; Charles River, 
Montreal, Canada) were immunized against HBsAg as previously de- 



scribed (21). In brief, each mouse received a single i.m. injection of 50 /al 
of PBS containing 1 /ag of recombinant HBsAg (Medix Biotech, Foster 
City, CA) and 10 /tig of CpG ODN or non-CpG control ODN ( see Table I 
for sequences) as a sole adjuv ant or combined w ith alum (Alhydrogel "85," 
Superfos Biosector, Vedbaek, Denmark; 25 mg of Al 3+ /mg of HBsAg). 
Control mice were immunized w ith I IBsAg w ithout adjuvant or with alum. 
Plasma was recovered from mice at various nines after immunization, and 
Abs specific to HBsAg (anti-HBs) were quantified by end-point dilution 
ELISA (111 triplicate) as described previous!) (21 ). End-point titers were 
defined as the highest plasma dilution that resulted in an absorbance value 
(OD 4i6 i 2 times higher than that of nonimmune plasma w ith a cut-off value 
of 0.05. 

Isolation of primate PBMC ami cell culture 

PBMC were isolated from peripheral blood of healthy volunteers, chim- 
panzees, or rhesus or cynomolgus monkeys by Ficoll-Hypaque density 
gradient centrifugation (1 listopaque- 1 0". Sigma, St. Lotus, MO) as pre- 
v iously described (32). t ells were suspended in RPMI 1640 culture me- 
dium supplemented with 10% (v v ) heat-mactiv ated (50 C . I h) IT'S (lly- 
Clone. Logan. LI). 1.5 mM 1 -glutamme. 100 I ml penicillin, and 100 
/ig ml streptomycin (till from Life Technologies. Grand Island, NY; com- 
plete medium), ( ells {final concentration. I / 10" cells ml) were cultured 
111 complete medium 111 ti 5".. ( (), humidified incubator at 37% . ODN and 
LPS (from Salmonella rypliiiiiiiriiuir. Sigma) or anti-IgM were used as 
stimuli, l or measurement of human NK lytic activity. PBMC were incu- 
bated at 5 X 1 Orwell in 24-well plates. Cultures were harvested after 24 h, 
and cells were used as effectors in a standard 4-h 51 Cr release assay against 
K562 target cells as previously described (9, 31). For B cell proliferation, 
1 jttCi of [ 3 H]thymidine was added I S h before harv est. and the amount of 
[■'1 l]thy midme incorporation was determined by scintillation counting on 
day 5. The SDs of the triplicate wells were <5%. 

Flow cytometry on primate PBMC 

Surface Ags on primate PBMC were stained as previously described (33). 
Monoclonal Abs to CD3 (UCHT1), CD14 (M5E2), CD19 (B43), CD56 
(B159). CD69 (LN50), and CD86 (2331 (FUN-1)) were purchased from 
PharMingen (San Diego, CA). IgGl.K (MOPC-21) and IgG2b,x (30) were 
used to control for nonspecilic staining. NK cells were identified by (1)56 
expression on CD3-, CD 14-. and (T)l9-negalive cells, whereas B cells 
were identified by expression of CD19. Flow cytometric data from 10,000 
cells sample were acquired on a FACScan (Becton Dickinson Imrnunocy- 
tometry Systems. San .lose. C A). I he v nihility o I' eel Is w ith in the forward/ 
side scatter gate used for analysis was examined by propidium iodide stain- 
ing (2 /xg/ml) and was > 98%. Data were analyzed using the computer 
program FlowJo (version 2.5.1, Tree Star, Stanford, CA). 

Immunization of chimpanzees and cynomolgus monkeys against 
HBsAg and evaluation o f the humoral response 

Fourteen cynomolgus monkeys (2.0-3.5 kg) were immunized with a pe- 
diatric dose of Lngerix-B (SmithKline Beecham Biologieals, Rixensart, 
Belgium) containing 10 /ag of HBsAg adsorbed to alum (25 mg of 
Al 3+ /mg of HBsAg). This was administered alone (n = 5) or combined 
with CpG ODN 1968 (n = 5; 500 /ag) or ( pG ODN 2006 (n = 4; 150 ,ug; 
see Fig. 2 for sequences). 1 our chimpanzees ( 10-20 kg) were immunized 
111 the same fashion, with two receiving control vaccine (Lngerix-B only) 
and two receiving experimental vaccine (Engerix-B plus 1 mg of CpG 
ODN 2006). All vaccines were administered i.m. 111 the right anterior thigh 
in a total volume of 1 ml. Monkeys were maintained in the animal facility 
of the Primate Research ( enter ( Bogor. Indonesia ). and chimpanzees were 
housed at Bioqual (Rockville, MD). Animals were monitored daily by 
animal care specialists. No symptoms of general ill health or local adverse 
reactions at the injection site were noted. Plasma was recovered by i.v. 
puncture before and at various limes after immunization and was stored 
frozen (-20%T) until assayed for Abs. Anti-HBs Abs were detected using 
a commercial ELISA kit (Monolisa Anti-HBs, Sanofi-Pasteur, Montreal, 
Canada), and titers were expressed 111 millunternational units per milliliter 
based on comparison with World Health Organization-delined standards 
(Monolisa Aiti-HBs Standards, Sanofi-Pasteur). 

Results 

Identification of CpG ODN with different profiles of in vitro 

Our previous studies showed that the precise bases on the 5' and 
3' sides of a CpG dinucleotide within a CpG motif have a major 
impact on the level of immune activation of a synthetic ODN, but 
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In Vitro" In Vivo* 



ODN 


(Lvf 


B cell 
(SI) 


IL-12 
(pg/ml) 


EL-6 
(pg/ml) 


TKF-ct 
(pg/ml) 


IFN-y 

(pg/ml) 


alum 


HBs + 
alum 




0 


1 


0 


54 


0 


0 


122 


773 


1982 (5 '-TCCAGGACTTCTCTCAGGTT-3 ') 


0 


1.9 


0 


0 


0 




54 


774 


1983 (5 '-TTTTTTTTTTTTTTTTTTTT-3 ') 


0 


1.2 


183 


223 


0 


28 


66 


638 


1628 (5 '-GGGGTCAACGTTGAGGGGGG-3 ') 


0 


6.0 


417 


377 


0 


303 


501 


2,480 


1758 (5'-TCTCCCAGCGTGCGCCAT-3') 


0 


14.0 


2,995 


214 


82 




564 


1,650 


1760 (5 '-ATAATCGACGTTCAAGCAAG-3') 


2.0 


25.7 


3,612 


631 


302 


144 


1,372 


3,574 


1826 (5 '-TCCATGACGTTCCTGACGTT-3 ') 


4.9 


23.7 


6,777 


6,343 


513 


478 


3,887 


28.360 


1 841 (5 '-TCCATAGCGTTCCTAGCGTT-3 ') 


4.0 


25.5 


3,926 


2,026 


279 


64 


3,760 


1 8,400 


r vs anti-HBs (no alum) 


0.98 


0.84 


0.88 


0.85 


0.90 


0.57 






r vs anti-HBs (with alum) 


0.95 


0.70 


0.86 


0.91 




0.68 







* In vitro assays were carried out on spleen cclU removed from B VLB c mice u» described in U<«rt«/> .ml \kihods. Stimulation index was determined as the ratio olepin 
in wells without DDK to thai in wells thai had been sliinnlaled Ihroughoul the culture period with the indicated < ) I ) K . I ach in \ilro \alue is the mean of triplicate assavs. 

at 4 vvk postirmnunization. and plasma was assa>eil for k'< i anti-IIBs \bs b\ I LIS \ assay. \nli-IIBs \ allies are the mean of titers obtained From ll) individual animals, and 
these are themselves the mean of duplicate assays. 



it has been unclear whether different CpG motifs might display 
different immune effects. To evaluate this possibility, we tested a 
panel of CpG ODN for the ability to induce NK lytic activity and 
B cell proliferation and to stimulate synthesis of TNF-a, IL-6, 
IFN-y, and IL-12 in murine spleen cells (Table I). Immunostimu- 
latory activity of ODN without CpG motifs (ODN 1982 and ODN 
1983; Table I) was negative or weak compared with that of CpG 
ODN. Consistent with our earlier findings (5) ODN with nonop- 
timal CpG motifs (ODN 1628 and ODN 1758) were less active 
than ODN containing CpG motifs flanked by two 5' purines and 
two 3' pyrimidines (ODN 1760, ODN 1826, and ODN 1841). 
Within these ODN, ODN 1826 containing two optimal murine 
CpG motifs (5'-GACGTT-3') had the highest activity for five of 
six measured end points. Except for ODN 1628, all ODN showed 
a generally similar pattern of activity (NK cell-mediated lysis. B 
cell proliferation, IL-12, IL-6, TNF-a, and IFN-y). Of note, ODN 
1628, which was unique in this panel for containing two G-rich 
regions, showed preferential induction of IFN-y synthesis but rel- 
atively low stimulation of the other activities. 

hlenli/ieation o f in vitro assays that correlate with in vivo 
adjuvant activity 

Because adjuvant activity is an in vivo end point, we were inter- 
ested in identifying in vitro assays that would predict the adjuvant 
activity of a CpG ODN in vivo. The same ODN used for in vitro 
end points therefore were tested for their adjuvant activity to im- 
munize mice against HBsAg. This was conducted both with ODN 
alone and with ODN combined with alum, since earlier studies had 
shown strong synergy for CpG ODN and alum adjuvants (21). 

BALB/c mice immunized with HBsAg without adjuvant at- 
tained only low titers of anti-HBs by 4 wk, and this was not af- 
fected by addition of non-CpG control ODN. In contrast, addition 
of CpG ODN raised anti-HBs titers 5- to 40-fold depending on the 
sequence used (Table I). When alum was added, titers of anti-HBs 
were ~6 times higher than those with HBsAg alone. Nevertheless, 
the various ODN combined with alum gave similar levels of aug- 
mentation relative to alum alone, as was found with the nonalum 
formulations relative to no adjuvant. Specifically, non-CpG ODN 
had no effect, and the various CpG ODN augmented these titers 2- 
to 36-fold (Table I). Results obtained with the different ODN alone 
correlated very strongly (/• = 0.96) with those obtained using the 



same ODN plus alum. When linear regression was performed, a 
very high degree of correlation was found between certain in vitro 
assays and in vivo augmentation of anti-HBs titers. Of all the in 
vitro end points examined, the induction of NK lytic activity 
showed the best correlation to in vivo adjuvant activity (without 
alum, r = 0.98; with alum, r = 0.95; p < 0.0001). A good cor- 
relation regarding adjuvant activity was also obtained for B cell 
stimulation (r = 0.84 and 0.7) as well as secretion of TNF-a (r = 
0.9 and 0.88), IL-12 (r = 0.88 and 0.86), and IL-6 (r = 0.85 and 
0.91; Table I). The one in vitro assay that did not correlate well 
with the in vivo results was IFN-y secretion (r = 0.57 and 0.68; 
Table I). This was due to the preferential IFN-y-inducing activity 
of ODN 1 628, which alone among the ODN in this panel contained 
G-nch regions. These data demonstrate that in vitro assays tor 
NKlytic activity, B cell activation, and production of TNF-a, IL-6, 
and IL-12 provide valuable information in vitro to predict the ad- 
juvant activity of a given ODN in vivo. 

Screening of a phosphorolhioalc ODN panel lo activate human 
NK cells 

In previous studies we found that synthesis of inflammatory cyto- 
kines by human PBMC is induced by extremely low amounts of 
endotoxin (induced TNF-a secretion is detectable with just 6 
pg/ml endotoxin. 2 logs more sensitive than murine immune cells) 
(34). In contrast, activation of human B cells and induction of 
human NK cell lytic activity with endotoxin are low even at high 
endotoxin concentrations. Based on these results we selected ac- 
tivation of NK cells (lytic activity and CD69 expression) and B 
cells (proliferation and CD86 expression) as the most highly spe- 
cific and reproducible assays with low intersubject variability and 
used these assays for in vitro screening of a pool of ODN. 

First we studied the effect of phosphorothioate ODN containing 
various combinations and permutations of CpG motifs on NK cell- 
mediated lysis of target cells. For clarity and ease of presentation, 
only data with selected representative CpG and control ODN are 
shown. Human PBMC were incubated with different phosphoro- 
thioate ODN (6 /xg/ml) for 24 h and tested for their ability to lyse 
51 Cr-labeled K562 cells. ODN without CpG motifs (ODN 1982 
and ODN 2010; Fig. 1), runs of CpGs, ODN with nonoptimal CpG 
motifs, ODN containing only one 6-mer CpG motif (either 5'- 
GACGTT-3' or 5'-GTCGTT-3' underlined for clarity), and ODN 
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FIGURE 1. Induction of human NK cell 
lytic activity by phosphorothioate ODN. Hu- 
man PBMC were incubated for 24 h with ODN 
(6 /xg ml) as indicated. Lysis of "'C r-labeled 
K562 cells was determined, and lytic units 
were calculated as described in Materials and 
Methods. Data represent the mean of two in- 
dependent experiments with two di Herein 
donors. 




containing two of these motifs without a TpC on the 5 ' end of the 
ODN failed to induce NK lytic activity substantially above back- 
ground. Examples of such nonactive ODN with CpG motifs are 
ODN 1781 (5 ' -ACC ATG GACGTT CTGTTTCCCCTC-3 ' ), ODN 
1823 (5 ' -GCATGACGTTGAGCT-3 '), and ODN 1829 (5'-AT 
GACGTT CCT GACGTT -3 ' ; not shown in figure). ODN with two 
6-mer CpG motifs (either 5'-GACGTT-3' or 5'-GTCGTT-3') in 
combination with a TpC at the 5' end of the ODN (ODN 1840, 
5 '-TCCAT GTCGTT CCT GTCGTT -3 ' ; ODN 1851, 5'-TCCT 
GACGTT CCT GACGTT -3 ' ; not shown in figure) or with at least 
three 6-mer motifs without a TpC at the 5' end (ODN 2013; Fig. 
2) show intermediate activity. High activity was found when the 5' 
TpC directly preceded a 6-mer human CpG motif (5'- 
TCGTCGTT-3') and was followed by two 6-mer motifs (ODN 
2005, ODN 2006, and ODN 2007). The best results were obtained 
when the 6-mer CpG motifs were separated from each other and 
from the 5' 8-mer CpG motif by TpT (ODN 2006). 



Expression of the activation marker CD69 is rapidly up-regu- 
lated on the surface of NK cells subsequent to stimulation. To 
confirm the results from the NK cell lysis assay, PBMC were in- 
cubated for 18 h with ODN (2 /xg/ml). CD69 expression was ex- 
amined on CD56-positive NK cells (CD3, CD14, and CD19 neg- 
ative). Although induction of CD69 expression was less sequence 
restricted than stimulation of NK cell functional activity, control 
ODN (ODN 1982, ODN 2116, ODN 2117, and ODN 2010) 
showed only low activity similar to background levels (Fig. 2). 
ODN with two human CpG motifs separated by 5 '-TTTT-3 ' (ODN 
1965) or four human CpG motifs without spacing (ODN 2013) 
were relatively more active at inducing CD69 expression (Fig. 2, 
left panel) than at stimulating NK cell lytic activity (Fig. I). Op- 
timal NK cell functional activity as well as CD69 expression were 
obtained with ODNs containing a TpC dinucleolide preceding the 
human CpG motif and additional human motifs within the se- 
quence (ODN 2006 and ODN 2007; Fig. 2, left panel). 



CD69 B cells 



0 5ATAATCGACGTTCAAGCAAG3' 
!6 5TCCATGACGTTCCTCACGTT3' 
10 5TCCTGTCGTTCCTGTCGTT3'' 
15 5TCCTGTCGTTTTTTGTCGTT3' 

17 5TCGTCGCTGTCTGCCCTTCTT3" 

18 5TCGTCGCTGTTGTCGTTTCTT3' 



2 s'TCCACGACGTTTTCGACGTTs' 

5 5'TCGTCGTTGTCGTTGTCGTT3' 

6 5'TCGTC GTTTTGTC GTTTTGTCGTT3 - 

7 5'TCGTC GTTGTCGTTTTGTCGTT3' 
18 sGCGTGCGTTGTCGTTGTCGTTs' 
0 5'GCGGCGGGCGGCGCGCGCCC3' 
12 5TGTCGTTTGTCGTTTGTCGTT3- 




ODN 2014 5TGTCGTTGTCGTTGTCGTT3' 
ODN 2015 s TCGTC GTCGTCGTT3' 
ODN 2016 sTGTCGTTGTCGTTy 
ODN 2017 5 CCCCCCCCCCCCCCCCCCCC3' 
ODN 2102 5'TCGTCGTTTTGACGTTTTGTCGTTj 
ODN 21 03 5'TCGTC GTTTTGACGTTTTGACGTT3' 
ODN 2116 S TCGTCGTTCCCCCCCCC3' 

FIGURE 2. Screening for the optima] sequence of phosphorothioate ODN to activate human NK cells and B cells. Human PBMC were incubated with 
completely phosphorothioate-modified ODN (2 /j.g ml for NK cells, left panel: 0.6 /j.g ml for B cells, right pond) w ith the sequences indicated (CG 
dinucleotides in bold). CD69 expression was measured after 18 h on CD56-positive NK cells (negative for CD3, CD14. and CD19), and CD86 expression 
was measured after 48 h on CD19-positive B cells. The results show the means of experimental duplicates from two different donors for both NK cells and 
B cells. 
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ictirit) of ph II ()P\ t miniating human B cells 

In preliminary experiments we found that the percentage of pro- 
liferating B cells (5- (and 6-)carboxyfluorescein diacetate succin- 
imidyl ester (CFSE) assay, see Materials and Methods) correlated 
with the surface expression of the costimulatory CD86 on B cells, 
as measured by flow cytometry. Thus, we used CD86 expression 
on B cells to screen a panel of ODN for immunostimulatoiy ac- 
tivity. PBMC were incubated with 0.6 /xg/ml ODN. Expression of 
CD86 (mean fluorescence intensity) was examined on CD19-pos- 
itive B cells (Fig. 2, right panel). A poly C ODN (ODN 2017) or 
ODN without CpG dinucleotides (ODN 1982) failed to stimulate 
human B cells under these experimental conditions. A phospho- 
rothioate ODN (ODN 2116) with one optimal human CpG motif 
preceded by a TpC (5'-TCGTCGTT-3') was inactive (Fig. 2, right 
panel). The presence of one human 6-mer CpG motif (5'- 
GTCGTT-3') had no activating effect (not shown). Two of these 
CpG motifs within the sequence showed no (ODN 1960 and ODN 
2016) or intermediate (ODN 1965) activity dependent on the se- 
quence context. If the ODN was composed of three or four copies 
of this motif (ODN 2012, ODN 2013, and ODN 2014), interme- 
diate activity on B cells could be detected. The combination of the 
human 8-mer CpG motif on the 5 ' end of the ODN with two 6-mer 
CpG motifs (ODN 2005, ODN 2006, ODN 2007, ODN 2102, and 
ODN 2103) led to a considerable increase in the ability of the 
ODN to stimulate B cells. The spacing between the single motifs 
was critical. The separation of CpG motifs by TpT was preferable 
(ODN 2006) compared with that of unseparated CpG motifs (ODN 
2005; also compare ODN 1965 to ODN 1960). The human 6-mer 
CpG motif (5'-GTCGTT-3') was better than the optimal mouse 
6-mer CpG motif (5'-GACGTT-3') when combined with the hu- 
man 8-mer CpG motif on the 5' end (ODN 2006 vs. ODN 2102 
and ODN 2103). A (TCG) poly ODN was inactive or only weakly 
active, as were ODN containing CpG dinucleotides flanked by 
guanines or other CpG dinucleotides (ODN 2010; Fig. 2). Taken 
together, the findings for NK cells and B cells showed consistently 
that of the ODN tested, ODN 2006 has the highest immunostimu- 
latoiy activity on human immune cells. 



( omparativc analysis of potency of CpG phosphorothioate 
ODNs in different primates 

Different CpG motifs are optimal to activate murine and human 
immune cells. Furthermore, the number and location of CpG mo- 
tifs within an active phosphorothioate ODN are different in mice 
and humans. We were interested to know whether CpG phospho- 
rothioate ODN show similar activity among different species of 
primates. We compared a panel of CpG ODN for their ability to 
induce B cell proliferation in humans, chimpanzees, and rhesus or 
cynomolgus monkeys. The capability of ODN to stimulate human 
B cell proliferation (Table II) correlated well with their ability to 



Table II. Proliferative response of PBMC to phosphorothioate CpG 
ODN in primates" 



No addition 
ODN 1760 
ODN 1826 
ODN 1968 
ODN 1982 
ODN 2006 
ODN 2007 



0.5 ± 0.1 
23 ± 7 
0.8 ± 0.1 



4" 1 ± 



0.5 ± 0.1 
0.3 ± 0.1 
0.4 ± 0.1 



0.5 ± 0.0 
0.5 ± 0.3 
0.6 ± 0.1 



" PBMC were prepared from peripheral blood and incubated with ODN (0.6 iJ.fl 
ml) as indicated for 5 days. Proliferation was measured by uptake of [ 3 H ]thymidine 
(cpm 1000) during the last IS h. More Hum «?";, of proliferating cells were B cells as 
mil the 5- . Hid (>-) earl I I diacetate „u uinudyl (< I SI I 

>r of means is indicated. 



induce CDS6 expression on B cells (Fig. 2. right panel). ODN 
2006, which showed the highest activity in human B cells andNK 
cells, was also the most active in stimulating chimpanzee and rhe- 
sus monkey B cell proliferation (Table II). ODN 1968 and ODN 
2006 ga\ e the highest acti\ ation of c\ nomolgus monkey B cells in 
vitro (stimulation index. 25 and 29. respectively, at 6 pig ODN/ml). 
Surprisingly. CpG ODN 2007. which displa_\ed similarly high ac- 
tivity as the optimal ODN 2006 in human cells, did not stimulate 
rhesus monkey or chimpanzee B cell proliferation, and ODN 1968 
showed low activity. CpG ODN originally identified with high 
activity in mice (ODN 1760 and ODN 1826) showed little activity 
in monkeys (Table II). 



cynomolgus 



•ivity of CpG ODN in chimpanzees and 



To evaluate whether CpG ODN with strong in vitro stimulatory 
effects on primate cells had detectable adjuvant activity in vivo, 
cynomolgus monkeys and chimpanzees were immunized with En- 
gerix B. which comprises HBsAg adsorbed to alum, alone or with 
added ODN 1968 (500 ^g) or ODN 2006 (1 mg), respectively. The 
results in the cynomolgus monkeys and chimpanzees cannot be 
directly compared because different CpG ODN were used. Never- 
theless, compared with controls not receiving CpG ODN, anti-HBs 
titers at 4 wk postprime and 2 wk postboost were 66- and 16-fold 
higher, respectively, in the monkeys, and 15- and 3 -fold higher in 
the chimpanzees (Table III). Thus, a clear adjuvant effect of CpG 
ODN was seen, and this was particularly striking after a single 
immunization. Because the number of animals studied is small, the 
differences seen are qualitative rather than quantitative. 



Table III. Anti-HBs responses in primates immunized against HBsAg with CpG ODN" 



Anti-HBs (mlU/ml) 



Primate Species 


n CpG ODN 






Cynomolgus monkey 




15 ±44 


4,880 ± 13,113 




5 ODN 1968 (500 ^.g) 


995 ± 1,309 


76,449 ± 42,094 


Chimpanzee 


2 None 


6, 11 


3,712, 4,706 




2 ODN 2006 (1 mg) 


125, 135 


9,640, 16,800 



lii iii I i \ n i h f i hi il I 

CpG OUN. Cynomologu* monkeys were boosted at 10 wk and chimpanzees were boosted al 4 wk post-prime. Anti-HBs was 

tennined by l.-'IJS for m on! 1 I I n dividual value* for the two chimpai 
in each group are provided. 
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Discussion 

Previous studies have demonstrated that CpG ODN are superb 
vaccine adjuvants in mice (19-25). However, these mouse stim- 
ulatory ODN have shown more modest effects on human leuko- 
cytes (29). In this study we were interested in the identification of 
an optimal CpG ODN for use as a vaccine adjuvant in humans. In 
vivo screening of different CpG ODN for this purpose is not prac- 
tical in primates, and for that matter, responses in nonhuman pri- 
mates may not be predictive of in vivo effects in humans. There- 
fore, we wanted to identify an in vitro test that would predict in 
vivo efficacy. To do this, we evaluated several in vitro assays in 
mice for their predictive value of adjuvant activity in vivo in mice. 
CpG ODN-induced B cell and NK cell activation in murine spleen 
cells correlated particularly well with their ability to enhance the 
immune response against HBsAg. Based on the human CpG motif, 
5'-GTCGTT-3\ prev ious!) identified using phosphodiester ODN. 
we designed a panel of CpG phosphorothioate ODN to identify the 
optimal sequence of a phosphorothioate ODN for activation of 
human B cells and NK cells. We found that the following char- 
acteristics contribute to the potency of a human CpG phosphorothio- 
ate ODN: 1) a TpC dinucleotide at the 5' end followed by the human 
CpG motif (5'-GTCGTT-3'); 2) two additional human CpG motifs 
within the sequence; and 3) separation of adjacent CpG motifs by 
TpT. The ODN 2006, a 24 mer with three human CpG motifs, fulfills 
all three criteria and showed consistently the highest activity of all 
ODN tested. The ODN 2006 was an excellent adjuvant for the in- 
duction of an immune response in chimpanzees against HBsAg in 
vivo. In the presence of ODN 2006, anti-HBs titers at 4 wk after prime 
were more than 10-fold higher than levels considered to he protective 
(>10 mlU/ml). In contrast, control chimpanzees receiving vaccine 
without ODN 2006 had anti-HBs near or below protective levels. In 
humans, the commercial vaccine, which contains alum as an adjuvant, 
is typicallv given in three doses. Although the majority of people 
respond well to two doses, the third dose ensures a very high (>90%) 
seroprotection rate. 

The human stimulatory ODN 2006 shows weaker activity in 
mice compared with the highly active murine CpG ODN 1 826 (our 
unpublished observations), supporting the concept of species spec- 
ificity of CpG DNA recognition by immune cells. Although ODN 
2006 was active in vitro in all primates tested, other CpG ODN, 
such as ODN 2007, had relatively high activity in human immune 
cells but no or a weaker effect in chimpanzees and rhesus mon- 
keys. This argues for differences in the CpG recognition mecha- 
nism even within primates. Because bacterial DNA provides a 
large pool of CpG motifs, the evolutionary pressure to conserve the 
recognition mechanism for one single specific CpG motif is low. In 
contrast, the loss of binding of a transcription factor to its specific 
DNA motif would abolish its function. For the recognition of the 
presence of bacterial DNA, it, rather, makes evolutionary sense 
that different species develop their own optimized bacterial DNA 
recognition mechanism based on the bacterial environment to 
which they are exposed. 

The good predictive value of B cell activation for in vivo vac- 
cine adjuvant activity is most likely linked to the central role of B 
cells in the establishment of a specific immune response. Poly- 
clonal proliferation of B cells (induced by CpG ODN) increases 
the likelihood of an Ag-specific B cell/Th cell match. Furthermore, 
enhanced expression of the costimulatory molecule CD86 on poly- 
clonally expanded B cells activates Ag-specific Th cells. B cells 
also increase their CD40 expression in response to CpG ODN (29), 
improving the capability of CD40 ligand-expressing activated Th 
cells to stimulate B cells. Increased ICAM-1 synthesis on B cells 
facilitates the cell-to-cell contact (2 1 )) Thus, the activation status 



of polyclonal B cells plays a critical role during the initiation of a 
specific Ab response. The contribution of NK cell activity to the 
establishment of specific Abs is less obvious, and so the strong 
correlation between NK cell activation and in vivo adjuvant ac- 
tivity that was observed in Table I was unexpected. NK cells are 
part of the innate immune system and as such are involved in the 
first line of defense against pathogens. Most likely, the cytokine 
pattern produced by NK cells upon activation is closely related to 
the initiation of a specific immune response. Overall, IFN-y se- 
cretion did not correlate well with in vivo adjuvant activity, but it 
remains possible that this may have contributed to the adjuvant 
activity of ODN 1 628, especially because this ODN failed to in- 
duce any detectable NK lytic activity. The use of dendritic cell 
activation for the screening of CpG ODN may add valuable infor- 
mation in future studies and allow for the identification of CpG 
ODN other than or even more potent than ODN 2006. 

As there is a 2 -log higher endotoxin sensitivity of human than 
mouse primary monocytes, extreme caution is required to avoid 
endotoxin contamination of CpG DNA used for testing in the hu- 
man system (34). Because TNF-a, IL-6, and IL-12 are produced 
by human monocytes in response to even low amounts of endo- 
toxin, their value tor high throughput in vitro screening assays is 
limited. On the other hand, human B cells and NK cells show only 
minor activation by endotoxin and thus are far more useful in 
testing for CpG DNA immunostimulatory activity. 

Stimulation of cellular function in either NK or B cells (i.e., lytic 
activity, proliferation) requires a stronger CpG ODN than the in- 
duction of activation markers at their surface (CD69. CD86). For 
both cell types, the use of cell surface activation markers showed 
a higher nonspecific hackground. attributable to the phosphoro- 
thioate backbone, compared with the functional assays. This high 
sensitivity of surface markers requires the use of low ODN con- 
centrations for optimal discrimination between ODN of similar 
activity. Thus, the use of surface markers allows the comparison of 
ODN with weak activity, while functional assays are preferred for 
comparing ODN with high activity. It is of note that the optimal 
ODN concentrations for stimulating B cells and NK cells differ. 
Although 0.6 jug/ml ODN is maximal to stimulate B cells, optimal 
NK cell activation may require 6 /xg/ml ODN. Both B cell acti- 
vation and NK cell functional activity are measured within freshly 
isolated PBMC. We found earlier that highl) purified human pri- 
mary B cells are activated by CpG DNA (29). The existence of a 
direct effect of CpG DNA on NK cells is less clear, and a second- 
ary mechanism mediated by another cell type within PBMC might 
contribute to CpG-induced functional activity of NK cells. 

It has been shown that some phosphorothioate ODN can induce 
human B cell proliferation (35, 36). Liang et al. found that the 
6-mer 5'-TCGTCG-3' at the 5' end is critical for the activity of an 
ODN to stimulate human B cells at low concentrations, but that a 
(TCG) n ODN did not have higher activity. Poly T, A, C, or G ODN 
or ODN with a random sequence were not active in their assays. 
These results are in agreement with our findings. In addition, we 
demonstrate that the activity of an ODN is markedly enhanced if 
the 5'-TCGTCG-3' is followed by TpT. This transforms the 5'- 
TCGTCG-3' into a human CpG motif preceded by a TpC. This 
8-mer motif followed by a poly C tail shows maximal activity if 
used as a phosphodiester ODN. but not as a phosphorothioate 
ODN (29). If a 5' end 5'-TCGTCG-3' is followed by another 
human CpG motif within the sequence, the activity is also in- 
creased. However, ODNs with three or four copies of the human 
CpG motif (5'-GTCGTT-3') without the 5'-TCGTCGTT-3' motif 
at the 5 ' end showed only low activity. This is consistent with the 
study by Liang et al. (36), who tested ODNs with several copies of 
GACGTT, TGACGTT, or TGACGTC that were not particularly 
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potent. Consequently, combining the 5'-TCGTCGTT-3' located at 
the 5' end with additional 5'-GTCGTT-3' motifs gave the best 
results in our study. 

An important question is whether the immune effects of CpG 
motifs may be modified by the presence of other types of sequence 
motifs. To date, only two distinct immune effects of ODN se- 
quences could be clearly identified: the effects due to CpG motifs 
and the effects due to G-rich motifs. We found a surprisingly poor 
correlation between ODN that induce strong IFN-y secretion and 
those that are strong adjuvants. This poor correlation was largely 
due to the effects of ODN 1628, which was relatively weak as an 
adjuvant and at inducing secretion of most of the other cytokines, 
yet induced high level production of IFN-y. A distinguishing fea- 
ture of ODN 1628 is the presence of two G-rich regions, or poly 
G motifs, one of which has four Gs in a row, and the other of 
which has six Gs. Such poly G sequences show immunostimula- 
tory effects that are distinct from CpG-mediated effects. For ex- 
ample, the level of IFN induction by a CpG ODN can be enhanced 
by poly G sequences at the ends of the same ODN (37). On the 
other hand, an ODN containing poly G sequences alone can block 
induction of IFN secretion by another ODN with a CpG motif (37). 
Poly G ODN can also block the production of IFN-y induced by 
the mitogens Con A, bacterial DNA, or the combination of PMA 
and the calcium ionophore A23187 (44). This inhibition was only 
seen with the phosphorothioate backbone. Of note, poly G-rich 
ODN can also block the downstream effects of IFN-y (38, 39). 
Also, we previously showed that the effects of poly G depend on 
the ODN backbone; poly G motifs increase the NK activity of 
chimeric ODN (phosphorothioate linkages on both ends, phos- 
phodiester ODN in the middle), but reduce the NK activity of 
phosphorothioate ODN (9). Further studies w ill be required to de- 
termine whether the IFN-y response to the poly G ODN 1628 is 
IL-12 independent and to identif) the producing cell t\pe. 

Alum (e.g., A1 2 0 3 ) was developed >75 yr ago and is still the 
only adjuvant approved for human use in most countries. Alum 
induces a Th2-type rather than a Thl-type immune response, ap- 
pears to interfere with the development of cell-mediated immunity, 
and blocks activation of CD8 + CTL (40). We showed earlier that 
CpG ODN induce a predominant IgG2a Ab response (Thl-like) to 
HBsAg in mice and, when the two adjuvants are used together, can 
even overcome the Th2 bias (IgGl) of alum for both Ab isotype 
and CTL responses (21). Furthermore, we found that the CpG 
ODN could induce HBsAg-specific CTL in young mice, in which 
a Thl response normally is difficult to obtain (22, 4 1 ). Besides a 
shift toward a Thl immune response, CpG ODN have the advan- 
tage over alum that it could be used as an adjuvant with live at- 
tenuated or multivalent vaccines that cannot be mixed with alum. 
In situations where it is necessary to overcome non- or hypore- 
sponsiveness, the synergistic effect of CpG ODN and alum may be 
useful. 

In preclinical studies antisense phosphorothioate ODN that are 
designed to inhibit target protein synthesis have been found to be 
safe at doses >100 mg/kg. In clinical antisense studies, phospho- 
rothioate ODN have been used in doses up to 12 mg/kg with little 
drug-related toxicity (42. 43). This is —30 times higher than the 
dose of 10 /xg/mouse used in the present study (0.36 mg/kg). Phos- 
phorothioate ODN can be produced on a large scale under good 
manufacturing practices conditions at a cost of approximately 
$200/g (42). Thus, the use of CpG ODN as adjuvant could signif- 
icantly lower the cost of vaccination when repeated doses are nor- 
mally required to induce a protective immunity (for example, with 
hepatitis B). 

In conclusion, our study defines a CpG phosphorothioate ODN 
with high activity on human immune cells and with excellent ad- 



juvant characteristics in chimpanzees. The design of this com- 
pound is based on the optimal human CpG motif and additional 
features that are essential if a phosphorothioate backbone is used. 
As a drug, ODN 2006 is inexpensive and easy to manufacture and 
is a candidate ODN for human clinical trials as an adjuvant for 
immunotherapy of cancer, infectious diseases, and allergy. 
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